A very recent result obtained by means of an in vitro experiment with cancer cultured cells 3 has configured the endoplasmic reticulum as the preferential site for the accumulation of 2-4 deoxy-2-[ 18 F]fluoro-D-glucose (FDG). Such a result is coherent with cell biochemistry and is 5 made more significant by the fact that reticular accumulation rate of FDG is dependent upon 6 extracellular glucose availability. The objective of the present paper was to confirm this result 7 in vivo, using small animal models of CT26 cancer tissues. Specifically, assuming that the 8 endoplasmic reticulum plays a specific functional role in the framework of a three-compartment 9 model for FDG kinetics, we are able to explain positron emission tomography dynamic data in a 10 more reliable way than by means of a standard Sokoloff two-compartment system. This result is 11 made more solid from a computational viewpoint by means of some identifiability considerations 12 based on a mathematical analysis of the compartmental equations. 13 Keywords: cancer glucose metabolism, endoplasmic reticulum, in vivo models, FDG kinetics, compartmental analysis 14 1 INTRODUCTION 2-deoxy-2-[ 18 F]fluoro-D-glucose (FDG) is widely used as a glucose analogue tracer to evaluate glucose 15 metabolism in living organisms. As glucose, FDG is first transported into cells, where it is phosphorylated 16
tracer in cytosol, and phosphorylated tracer in ER, respectively. In principle, ER may interchange free FDG 69 molecules with the cytosol, so that free tracer can be found in ER; here we assume that the free tracer in 70 ER reaches equilibrium almost instantaneously and represents a small fraction of the tracer contained in 71 ER, so that input of free tracer from cytosol and the content of free tracer in ER are discarded. 72 The rate constants k i (1/min), with i ∈ {1, 2, 3, 5, 6}, describe the first order process of tracer transfer 73 between compartments. According to Figure 1 , upper right panel, k 1 and k 2 are the rate constants for 74 transport of FDG from blood to tissue and back from tissue to blood (by GLUTs), respectively; k 3 is the 75 phosphorylation rate of FDG (by HK); k 5 is the input rate of FDG6P into ER (by G6PT); k 6 refers to the 76 dephosphorylation rate of FDG6P to FDG (by G6Pase). Since dephosphorylation occurs only inside ER, a 77 parameter k 4 , corresponding to an arrow from p to f , is not considered.
78
We assume that standard conditions for applicability of compartmental models are satisfied. In particular, 79 the distribution of tracer in each compartment is spatially homogeneous, and tracer exchanged between 80 compartments is instantaneously mixed (Cherry et al., 2012) . We also assume that appropriate corrections 81 for the physical decay of radioactivity have been applied.
82
The time-dependent functions C f , C p , and C r represent the tracer concentrations of the model 83 compartments, and are the state variables of the compartmental system. The tracer concentration of the 84 input compartment C i is considered as the given input function (IF). The Ordinary Differential Equations 85 (ODEs) for the tracer flow are 
where
and with the time variable t ∈ R >0 . The initial condition C(0) = 0 means that no tracer amount is in the 88 system at the beginning of the experiment. The analytic solution of the Cauchy problem (1) is
with k = (k 1 , k 2 , k 3 , k 5 , k 6 ) T ∈ R 5 >0 .
90
In vivo experiments utilize sequences of PET images acquired at different time intervals. In each PET 91 frame, two regions of interest (ROIs) are drawn, one highlighting the tumor and the other one identifying 92 the left ventricle. The volume V tot of the tumor ROI is partitioned as
where V blood and V int denote the volume occupied by blood and interstitial fluid, respectively; V cyt and V er 94 denote the total volumes of cytosol and ER in tissue cells. The total activity V tot C T in V tot is related to the 95 state variables and the IF by
or, equivalently,
By defining the volume fractions of blood and interstitial fluid as
it is straightforward to obtain
is independent of the number of cells. Replacement of (7) and (8) into (6) yields the required result:
where the positive adimensional constants α 1 , α 2 , and α 3 are defined as
In the experimental applications of Section 4 we set V b = 0.15 according to (Montet et al., 2007) and 105 V i = 0.3 according to (Kim et al., 2004) ; the volume fraction occupied by ER with respect to cytosol has 106 been estimated as v r = 0.14. In compact form, (10) becomes
which is the inverse problem associated to BCM. In order to solve it, our approach followed a regularized shows that the local sensitivity of C T versus k 5 is more than one order of magnitude lower than the 126 other kinetic parameters. This ambiguity is clearly shown in Figure 2 , where the forward problem (3) 127 is computed for different values of k 5 and the total concentration C T is illustrated as a function of time:
128 the plots in the figure points out that, for high values of k 5 , C T remains almost constant even when k 5 129 increases of three orders of magnitude. In order to account for this aspect in the data analysis process, the 130 application of reg-GN can be realized either by initializing k 5 randomly in (0, 1) or according to a simple 
141
FDG-PET data of CT26 cancer tissues have been processed by the application of both BCM and SCM.
142
The numerical reduction of both models has been performed by means of reg-GN. Estimates of the 143 parameters obtained for each experiment of the group of mice are reported in Table 2 for BCM, and in Table   144 3 for SCM. Means and standard deviations have been computed by repeating fifty runs of the reg-GN code, 145 with fifty different random initialization values of the rate constants in the interval (0,1). The regularization 146 parameter was determined at each iteration via Generalized Cross Validation method (Golub et al., 1979) , 147 with a confidence interval ranging between 10 4 and 10 6 . The threshold for the stopping criterion of the 148 iterative algorithm has been chosen of the order of 10 −1 , for both models.
149
Using the reconstructed average values of the kinetic parameters it is straightforward to compute the 150 solution of the Cauchy problem associated to BCM and SCM and therefore the concentrations in all 151 functional compartments. Figure 4 refers to mouse m1 and illustrates these concentrations in the case of 152 the free compartment, the phosphorylated compartment and the reticulum compartment for BCM and in 153 the case of the free and phosphorylated compartments for SCM.
154 Table 1 . Experimental values for the FDG-PET measurements: type of cell line, sex, weight (g), and glycemia (mg/dL) for each mouse, maximum value of the IFĈ i (kBq/mL), and final-time (t f ) total concentration of the cancer tissue C T (t f ) (kBq/mL). 
DISCUSSION OF RESULTS
The reconstructed values of the kinetic parameters in Table 2 and Table 3 are rather stable with respect to 155 the murine models considered, which seems to imply that these numbers describe characteristic kinetic 156 properties of FDG inside the CT26 tissue, independently of the specific murine experiment. Further the equations connecting the models to the data (equation (14) for BCM). The measurement equations are 169 highly influenced by the volume fractions defining the amount of total volume occupied by each specific 170 compartment. These volume fractions are different in BCM and SCM, i.e. the same compartment in the 171 two models occupies a different relative volume. Given all this, the results presented in the two tables 172 seem rather coherent. For example, k 1 and k * 1 are statistically equivalent and the same occurs for k 6 and 173 k * 4 : the reason for that is that these rate constants reflect the input process from the blood and the output 174 process of dephosphorylation, respectively, and these two processes are just mildly dependent on the model
